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We study a two-component quasi-two-dimensional Fermi gas with imbalanced spin populations.
We probe the gas at different interaction strengths and polarizations by measuring the density of
each spin component in the trap and the pair momentum distribution after time of flight. For
a wide range of experimental parameters, we observe in-trap phase separation characterized by
the appearance of a spin-balanced core surrounded by a polarized gas. Our momentum space
measurements indicate pair condensation in the imbalanced gas even for large polarizations where
phase separation vanishes, pointing to the presence of a polarized pair condensate. Our observation
of zero momentum pair condensates in 2D spin-imbalanced gases opens the way to explorations of
more exotic superfluid phases that occupy a large part of the phase diagram in lower dimensions.

Fermionic superfluids described by standard Bardeen-
Cooper-Schrieffer theory are momentum-space conden-
sates of Cooper pairs of opposite spins. Imbalancing the
chemical potentials of the two spin species disrupts the
Cooper pairing mechanism and can give rise to many in-
teresting scenarios. For a small difference in the chemical
potentials, the Fermi gas remains a spin-balanced super-
fluid. As the chemical potential imbalance is increased, it
eventually becomes comparable to the superfluid gap. At
this point, known as the Clogston-Chandrasekhar limit
[1], the gas becomes polarized but superfluidity may per-
sist due to the presence of exotic superfluid phases such
as the Sarma [2] or FFLO phase [3, 4]. Eventually, for
large enough chemical potential difference, superfluidity
is completely destroyed. The stability of some exotic su-
perfluid phases like FFLO is greatly enhanced by lower-
ing the dimensionality of the gas [5, 6].

The search for exotic superfluids motivates our study
of spin-imbalanced atomic Fermi gases in two dimensions.
In addition, the 2D case becomes particularly interesting
in the case of strong interactions [7–10]. In an atomic
gas, Feshbach resonances enable tuning the interactions
over a wide range and studying the effect of chemical
potential imbalance beyond the described weak coupling
BCS limit. Unlike the 1D case, exact solutions do not
exist, and mean field models that do well in 3D fail in 2D
due to the enhanced role of quantum fluctuations [11, 12].

Spin-imbalanced Fermi gases have been extensively
studied both theoretically [13–17] and experimentally
[18]. Experiments in 3D have observed vortex lattices
in spin-imbalanced superfluids [19] as well as phase sep-
aration between the superfluid and normal phases in the
trapped gas [20–22]. Subsequent experiments quanti-
tatively mapped out the phase diagram of the 3D gas
[23, 24] and measured the equation of state of the im-
balanced gas [25, 26]. In 1D, phase separation was also
observed, displaying an inverted phase profile in the trap
compared to 3D [27]. Recent experiments have started to
explore 2D Fermi gases [28–37], mostly focusing on the
spin-balanced case, where pair condensation has been ob-
served [38] and the BKT nature of the transition to the
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FIG. 1. Experimental setup. (a) A 1D optical lattice is
formed at the intersection of two interfering blue-detuned
beams (green), providing axial confinement. The lattice spac-
ing can be dynamically tuned by changing the angle between
the beams. The atoms are radially confined by a red-detuned
beam (brown) in the vertical direction. A high-NA objective
(grey) is used to image the in-plane density distribution. The
inset shows a section of the optical potential with color scale
from red (attractive) to blue (repulsive). (b) Side absorption
images illustrating our capability to load and resolve single
(above) and multiple pancakes (below) after adiabatically in-
creasing the lattice spacing to ∼ 12 µm. (c) In-situ absorption
images of majority (above) and minority (below) clouds along
the vertical direction at 755 G and polarization P = 0.6.

superfluid state was explored [39, 40]. The properties
of the polaron were characterized in experiments study-
ing the extreme imbalance limit [41]. A non-interacting
polaron model was found to be adequate for describing
high-polarization 2D Fermi gases in the BCS regime and
a spin-balanced central core was observed on the BEC
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FIG. 2. Phase separation and condensation versus global polarization. (a)-(c) Azimuthal average of in-situ OD of majority
(yellow) and minority (red) clouds, and of their difference (blue) for P = 0.25, 0.55, and 0.75 respectively taken at a field of
780 G, with fits to the sum of a Gaussian and a Thomas-Fermi profile. The insets show the corresponding two-dimensional OD
difference. The gray shaded region represents the systematic error in the determination of OD differences. The radial position
is measured along the minor axis of the elliptical contour lines used for azimuthal averaging. (d)-(f) OD of the minority cloud
after 3 ms time of flight normalized to its peak value, with a double Gaussian fit to the data. The thermal component is
shaded in red, while the condensate is shaded in gray. Error bars represent the standard deviation of the mean in evaluating
the azimuthal average. All distributions represent an average of 30 experimental realizations.

side [42].

Our experiments measure the density profile of a
single-layer 2D gas, revealing a spin-balanced core at low
to intermediate polarizations. We explore the stability
of this spin-balanced core for varying chemical potential,
chemical potential difference between the spin species,
and interaction strengths across the Feshbach resonance.
On the BEC side of the 3D unitarity point, measure-
ment of the momentum distribution in time-of-flight re-
veals a pair condensate. Condensation is observed past
the disappearance of phase separation, implying that un-
paired majority atoms become dissolved in the conden-
sate, forming a polarized condensate.

We realize a strongly-interacting Fermi gas using a
mixture of the lowest two hyperfine ground states of 6Li,
|1〉 and |2〉. The global spin imbalance, P , is defined as

P =
N↑−N↓
N↑+N↓

, where N↑ is the population in the major-

ity state (|1〉), and N↓ is the population in the minority
state (|2〉). P can be varied continuously from a balanced
to an almost completely polarized gas. The interaction
strength is varied by tuning the s-wave scattering length
using a broad Feshbach resonance centered at 832 G.

To create the ultracold sample, we load atoms from a
magneto-optical trap into a 1 mK deep crossed optical
dipole trap. Starting from a spin-balanced mixture, the
spin populations are imbalanced by transferring a vari-
able fraction of the |2〉 atoms into a third hyperfine state,
|3〉, employing a diabatic Landau-Zener sweep [43]. The
|3〉 atoms are then removed from the trap with a resonant
light pulse before proceeding with all-optical evaporation
at the Feshbach resonance. The imbalanced mixture is

transferred to a highly anisotropic optical trap with as-
pect ratio ωx : ωy : ωz = 1 : 3 : 30. The large con-
finement anisotropy allows efficient transfer into a single
well of a 1D optical lattice with a 12 µm lattice spacing
formed by two 532 nm laser beams intersecting at a shal-
low angle that can be dynamically adjusted to change
the lattice spacing [Fig. 1(a)]. In the plane, the atoms
are confined by a vertical 1070 nm beam with a 100 µm
waist. Subsequently, the Feshbach field is adjusted to
set the interaction strength in the gas and the lattice
spacing is decreased to 3.5 µm, resulting in trapping fre-
quencies (ωx, ωy, ωz) = 2π · (124 Hz, 147 Hz, 22.5 kHz).
To ensure that the gas is in the 2D regime the chemi-
cal potential of the majority atoms, µ0↑, is kept below
the axial vibrational level spacing ~ωz. This condition
is satisfied by keeping the majority atom number fixed
to ∼ 9 × 103, resulting in µ0↑/~ωz < 0.7 over the full
parameter regime. Our ability to load a single layer is
confirmed by taking an absorption image of the cloud
on-edge through an auxiliary imaging system. Example
images of single and multiple loaded layers are shown in
Fig. 1(b).

We take absorption images of the minority and major-
ity density distributions using two consecutive resonant
pulses to obtain the optical density (OD) of the sam-
ple [Fig. 1(c) and [43]], which is directly proportional to
the two-dimensional atomic density. The minority im-
age is always taken first, although we have checked that
the effect of heating due to the first imaging pulse is not
measurable within our experimental noise.

An in-situ image reveals the density of each spin com-
ponent n↑(r) and n↓(r) and the local polarization p(r) =
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FIG. 3. Central polarization and condensate fraction vs.
global polarization. Central polarization (blue diamonds) and
condensate fraction (yellow circles) are shown for the Fesh-
bach fields of (a) 730 G, (b) 755 G, (c) 780 G, (d) 830 G and
(e) 920 G. The points represent the average of 5-15 exper-
imental realizations, and error bars are the standard devia-
tion of the mean. The gray region indicates the experimental
uncertainty in the determination of the central polarization.
The blue line is a bilinear fit to the data to determine Pc.
For condensate fraction data, each point is obtained from a
bootstrap analysis of 30 experimental shots. Error bars rep-
resent the standard deviation of the bootstrap distribution.
The insets show the OD difference at P = 0.25 and 0.75.

n↑−n↓
n↑+n↓

after azimuthally averaging over elliptical contour

lines. Fig. 2(a)-(c) shows in-situ density profiles for three
different polarizations at 780 G. For all shown polariza-
tions we observe a dip in the center of the difference OD.
For P = 0.25 the central polarization is consistent with
zero, while for P = 0.75 we observe a clear difference in

central density for minority and majority components.
These spatially varying profiles can be understood in the
local density approximation. While the difference be-
tween the chemical potentials of the two species remains
fixed throughout the trap, the average chemical poten-
tial is scanned by the trap. Thus one can expect shells
of coexisting phases in the trap. The insets in Fig. 2
show an example of such structure where a balanced
phase exists in the trap center, surrounded by a par-
tially polarized gas which is, in turn, enclosed by a shell
of fully polarized gas of majority atoms. A Fermi-Dirac
fit to the tail of the radial majority density profile yields
T/TF = kBT/µ0↑ = 0.18(5) independent of polarization,
and only weakly dependent on the Feshbach field [43].
We note that this definition of TF deviates from the def-
inition via the central density (T 0

F ) used elsewhere [38].
For our balanced data on the BEC side, we get T/T 0

F =
0.10(3) [43].

The existence of a spin-balanced core strongly suggests
the presence of a condensate in that region of the trap.
To probe pair condensation more directly, we measured
the density of the minority component after a 3 ms time-
of-flight. Unlike Ref. [38], we did not perform a rapid
ramp to the BEC side, but simply released the gas from
the trap. The expansion along the axial direction of the
2D gas leads to a rapid reduction of the density of the
gas during time of flight, and the pair center of mass
momentum distribution is not significantly affected by
scattering events. We observe bimodal distributions that
fit well to the sum of two Gaussian profiles. Examples are
shown in Fig. 2(d)-(f) corresponding to the same param-
eters as the in-situ images. We find a narrow condensed
mode whose size remains roughly constant as the time of
flight is increased and a wider thermal component that
expands rapidly [43]. This allows us to define a condensed
fraction as the ratio of minority atoms in the condensate
mode to the total number of minority atoms. The paired
nature of the condensate is confirmed by the observation
that both the optical density and the width of the narrow
mode match between majority and minority clouds.

We have studied the stability of the spin-balanced
condensate to chemical potential imbalance across the
BEC-BCS crossover. The chemical potential imbalance
is scanned by changing the minority atom number and
hence the global polarization P . The tight confinement
of the gas along the axial direction allows for a two-body
bound state with binding energy EB even above the Fes-
hbach resonance, unlike the 3D case. The absence of a
unitarity point in the quasi-2D case makes the distinction
between the BEC and BCS regimes more ad hoc than in
3D. We choose to characterize the interaction strength
using the ratio EB/EF , where EF = ~

√
2ωxωyN↑ is the

Fermi energy of the majority atoms in the non-interacting
gas. We identify the BEC regime with EB/EF � 1 and
the BCS regime with EB/EF � 1. The central polariza-
tion of the gas p(0) is shown in Fig. 3 vs. P for Feshbach
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FIG. 4. Critical polarization (Pc) for phase separation vs.
EB/EF (log-scale). The global polarization at which phase
separation ends is extracted from a bilinear fit to the central
polarization data in Fig. 3 (red diamonds). Corresponding
magnetic fields for these points are shown on the secondary
x-axis. For comparison, we extracted two points from the
data of ref. [42] (blue squares). The error bars are given by
the fit uncertainty.

fields of 730 G, 755 G, 780 G, 830 G, and 920 G. The
respective values of EB/EF are ∼ 6(1), 2.9(7), 1.4(3),
0.32(7) and 0.05(2). We find that p(0) is consistent with
zero within experimental uncertainty for a range of P less
than a field-dependent critical polarization Pc. In the
BEC regime, the gas may be thought of as an interacting
Bose-Fermi mixture of deeply bound dimers and excess
majority atoms, with strong atom-dimer repulsion lead-
ing to the observed profiles. This picture is supported
by comparison of a mean field model with the data in
the BEC regime [43]. In the BCS regime, the superfluid
gap prevents fermionic quasiparticles from entering the
superfluid below the Clogston limit. We find that Pc de-
creases as the BCS limit is approached as summarized
in Fig. 4. Our observed critical polarization is consistent
with a previous measurement [42] for comparable values
of EB/EF .

We observe pair condensation that persists to high val-
ues of P at 730 G, 755 G and 780 G [Fig. 3(a)-(c)],
even beyond Pc, pointing to a polarized condensate. For
B = 830 G and 920 G, no bimodality is observed. This
can be anticipated for expansion in 3D since there is no
bound state beyond the Feshbach resonance and the frag-
ile dimers that exist in the trapped system break after re-
lease. The measured condensate fraction for a balanced
gas is compatible with the fraction that has been mea-
sured recently [38] for comparable T/T 0

F . Similar to ex-
periments in 3D [19], we find that the condensate frac-
tion does not drop monotonically with increasing P as
one would expect naively, but rather peaks at a non-zero
P . The harmonic confinement of the clouds may explain
this observation. Although the absolute temperatures
we measure are independent of P [43], increasing P leads
to a shrinking minority cloud whose wings experience a
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FIG. 5. Phase diagram of an imbalanced 2D Fermi gas for four
different interactions determined by the Feshbach fields (a)
730 G, (b) 755 G, (c) 780 G and (d) 830 G. The correspond-
ing interaction strengths EB/EF are shown in the top-right
corner of each panel. The color indicates the local polariza-
tion of the gas in the trap p(r) as a function of the scaled
position in the trap r/RTF↑ and the global polarization P .
We distinguish three different phases: a balanced condensate
(red), a partially polarized phase (white to gray) and a fully
polarized normal gas (blue).

higher majority density, and therefore a higher local crit-
ical temperature.

Fig. 5 shows an experimental phase diagram of a spin-
imbalanced 2D Fermi gas for four different values of the
interaction strength EB/EF . These phase diagrams show
the local polarization p(r) as a function of the global po-
larization P and the position in the trap r scaled by the
Thomas-Fermi radius of a fully polarized gas RTF↑, de-
fined as V (RTF↑) = µ0↑ [43]. The global polarization P
is the experimental parameter that determines the chem-
ical potential difference h = (µ↑−µ↓)/2, while r fixes the
average local chemical potential µ = (µ↑ + µ↓)/2, so we
can interpret these diagrams as “µ− h” phase diagrams
expressed in terms of experimentally measured quanti-
ties. The partially polarized phase occupying the part of
the phase diagram between the balanced condensate and
the fully polarized normal gas and depending on EB/EF

may be a Sarma phase induced by quantum or thermal
fluctuations, an FFLO phase or a Fermi liquid phase.

Unlike the 3D case [23], we have not observed disconti-
nuities in the polarization or density profiles. Zero tem-
perature phase diagrams in refs. [7, 8, 10] predict a first
order phase transition between the superfluid and normal
phases driven by the change in the average local chem-
ical potential in the trap. This would be manifested by
a sudden jump of the local polarization from zero in the
superfluid to a finite polarization in the normal phase.
In 3D, the first order transition only occurs for tempera-
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tures below the tricritical point [50]. If such a tricritical
point exists in 2D, it is possible that the temperature of
our clouds is not low enough to observe the first order
transition or that the one-dimensional nature of the in-
terface between the superfluid and normal phases makes
it very susceptible to fluctuations that smear out discon-
tinuities when averaging over trap contour lines. We also
note that strong quantum fluctuations in 2D can in prin-
ciple drive the superfluid to normal transition continuous
[12].

In conclusion, we have observed pair condensation in
an imbalanced Fermi gas across the BEC-BCS crossover,
accompanied by phase separation in the trap. In future
work, it will be interesting to study the effect of ther-
mal fluctuations on superfluidity in the imbalanced 2D
gas and to determine if imbalance affects the BKT na-
ture of the transition. Another interesting direction is
the investigation of the partially polarized gas between
the balanced condensate and the fully polarized normal
gas. The partially polarized gas may host a variety of
phases, including Sarma or FFLO states, whose stability
is enhanced in lower dimensions.
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